Ciliopathies represent a growing group of human genetic diseases whose etiology lies in defects in ciliogenesis or ciliary function. Given the established entity of renal -retinal ciliopathies, we have been examining the role of cilia-localized proteins mutated in retinitis pigmentosa (RP) in regulating renal ciliogenesis or ciliadependent signaling cascades. Specifically, this study examines the role of the RP2 gene product with an emphasis on renal and vertebrate development. We demonstrate that in renal epithelia, RP2 localizes to the primary cilium through dual acylation of the amino-terminus. We also show that RP2 forms a calcium-sensitive complex with the autosomal dominant polycystic kidney disease protein polycystin 2. Ablation of RP2 by shRNA promotes swelling of the cilia tip that may be a result of aberrant trafficking of polycystin 2 and other ciliary proteins. Morpholino-mediated repression of RP2 expression in zebrafish results in multiple developmental defects that have been previously associated with ciliary dysfunction, such as hydrocephalus, kidney cysts and situs inversus. Finally, we demonstrate that, in addition to our observed physical interaction between RP2 and polycystin 2, dual morpholino-mediated knockdown of polycystin 2 and RP2 results in enhanced situs inversus, indicating that these two genes also regulate a common developmental process. This work suggests that RP2 may be an important regulator of ciliary function through its association with polycystin 2 and provides evidence of a further link between retinal and renal cilia function.
INTRODUCTION
Recent years have seen an explosion in our understanding of the diverse functions of cilia in different tissues and their role in the etiology of human disease. Cilia are highly conserved organelles both through evolution and between different cell types. They share a conserved group of proteins required for cilia formation, called the intra-flagella transport (IFT) proteins (1, 2) . This group of proteins, originally identified in the biflagellate Chlamydomonas reinhardtii, appears to function as the predominant transport mechanism for the formation and maintenance of cilia through delivery and removal of cilia proteins (3) . As such, disruption of IFT through the mutation or targeted knockout of key components often results in compromised cilia function in multiple tissues. Indeed, there are a growing number of human pathologies with multi-organ phenotypes that arise from mutation in cilia-associated gene products. Two such pathologies are Bardet-Biedl syndrome (BBS) and Senior-Loken syndrome where the cystic kidney disease nephronophthisis (NPHP) is accompanied by retinal degeneration (4, 5) .
Primary cilia are essential for proper function of renal epithelia and retinal photoreceptor cells. Renal cilia protrude from the apical aspect of the epithelium lining the nephron and may be involved in sensing fluid flow through the nephron lumen (6) . These cilia may also be essential to maintain correct orientation of individual epithelial cells within the plane of the epithelial sheet. Defects in ciliary function result in the formation of fluid-filled cysts thought to be the result of defective planar cell polarity and de-differentiation of the epithelium (7, 8) . In photoreceptors, the outer segment forms from the primary cilium and the cilium subsequently functions as the transition zone connecting the light sensing outer segment to the inner segment. IFT plays a key role in the shuttling of cargo between the two cellular compartments (9) . Photoreceptors are highly metabolically active as they undergo periodic outer segment disc shedding and renewal (10) . As such, the photoreceptor cilium experiences a very high volume of traffic, and small disruption of this transport process could potentially cause defects leading to retinal degeneration.
We have been examining the genes that when mutated cause retinal degeneration and their potential role in ciliary function in renal epithelia. We and others have demonstrated that the protein mutated in X-linked Retinitis Pigmentosa type 3 (RP3), retinitis pigmentosa GTPase regulator (RPGR), localizes to renal cilia as well as to the photoreceptor transition zone (11, 12) . Furthermore, RPGR directly interacts with NPHP5 and NPHP6, two proteins associated with renalretinal diseases (13, 14) . In addition, we have previously shown that the Crumbs3 (Crb3) protein, which regulates apical -basal polarity also controls ciliogenesis in renal epithelia (15) . Interestingly, a paralog of Crumbs3, Crumbs1, is mutated in RP12 and Leber congenital amaurosis (16) .
Like RPGR, RP2 is an X-linked gene that when mutated gives rise to XLRP (17) (18) (19) (20) . The RP2 gene encodes a 350-residue polypeptide that is widely expressed. Previous work has demonstrated that RP2 is membrane associated by dual acylation of the amino-terminus, namely myristoylation at glycine 2 and palmitoylation at cysteine 3 (21) . The aminoterminal half of RP2 shows both sequence and structural similarity to tubulin cofactor C (TBCC), a protein involved in the formation of alpha -beta-tubulin heterodimers. Further work has shown that this domain binds to and has GAP activity towards the small G-protein ADP ribosylation factor-like 3 (Arl3) (22) . Interestingly, an Arl3 knockout mouse exhibits both cystic kidneys and retinal degeneration (23) . However, the precise function of Arl3 or RP2 is unclear, although recent evidence has implicated them as potential regulators of post-Golgi traffic (24) and as a potential quality control checkpoint for cilia-destined cargo (25) . In this report, we sought to identify whether RP2 may play a role in renal epithelia with specific emphasis on a potential role in primary cilia. We demonstrate that RP2 localizes to primary cilia in renal epithelia and interacts with and regulates ciliary trafficking of the product of the polycystic kidney disease 2 (PKD2) gene, polycystin 2. Furthermore, we present the first loss-of-function RP2 vertebrate model by morpholinomediated knockdown of the zebrafish ortholog of RP2. Loss of function of RP2 leads to a range of developmental defects in zebrafish that are known to be associated with abnormal ciliary functions demonstrating that RP2 is essential for ciliary function during vertebrate development.
RESULTS

RP2 localizes to renal cilia
Mutations in the RP2 gene in humans cause progressive degeneration of the photoreceptors typical of RP (17) (18) (19) , yet the function of the RP2 protein is not well understood. To examine the localization and function of RP2, we generated antibodies raised against the recombinant protein that detected a single band of the predicted size in multiple cell lines (Supplementary Material, Fig. S1a and b) and first examined the localization of endogenous RP2 in the kidney (Fig. 1A) . The RP2 signal was enriched in a subset of renal tubules but absent when the antibody was pre-incubated with recombinant GST-RP2 (Supplementary Material, Fig. S1c ). Co-staining of kidney sections with different markers of specific nephron segments revealed that RP2 was absent from PNA (peanut agglutinin)-positive distal convoluted tubules but enriched in Tamm Horfsall-positive tubules suggesting that RP2 is expressed in the ascending loop ( Fig. 1B and C, respectively). We next examined whether RP2 like other RP proteins is localized to renal cilia. Indeed immunofluorescence revealed that endogenous RP2 does localize to primary cilia in mouse kidney sections and in the MDCKII renal epithelial cell line (Figs 1D and 2A, respectively). RP2 has also been observed to localize to the base of the cilium in retinal pigmented epithelial (RPE) cells (24) . When RP2 localization was examined in the ARPE19 RPE, cell line RP2 was observed to be concentrated around the base of the cilium, but absent from the cilia axoneme (Supplementary Material, Fig. S1d) as previously described (24) . To confirm that ciliary localization of RP2 in renal cilia is not a staining artifact, an RP2 expression construct containing a C-terminal EGFP tag was generated. When RP2-EGFP was stably expressed in confluent MDCK cells, it localized efficiently to primary cilia (Fig. 2B) . Interestingly, prior to ciliogenesis, we observed RP2-EGFP localizing predominantly around one of the centrioles (Supplementary Material, Fig. S1e ). This likely corresponds to the basal body/transition zone where RP2 has been previously demonstrated to localize (26) .
Localization of RP2 to cilia requires N-terminal acylation
RP2 has been previously demonstrated to be posttranslationally modified at its extreme amino-terminus, specifically myristoylation at Gly2 and palmitoylation at Cys3 (27, 28) , and these modifications are necessary for trafficking of RP2 to the plasma membrane (28) . To determine whether the membrane association of RP2 is required for ciliary targeting, a Gly2Ala (G2A) mutation was introduced into RP2-EGFP which blocks both the myristoylation and palmitoylation of RP2 (21) . When G2A RP2-EGFP was introduced into MDCK cells, its cilia localization was almost completely abolished, suggesting that the membrane association of RP2 is necessary for cilia targeting (Fig. 2C) . Instead, RP2-EGFP G2A was observed to accumulate in the nucleus (Fig. 2C) . Introduction of a Cys3Ser (C3S) mutation in RP2 which specifically blocks palmitoylation but not myristoylation of RP2 dramatically reduced but did not abolish ciliary localization and also did not result in nuclear accumulation (Fig. 2D) . The N-terminal TBCC-like domain of RP2 exhibits GAP activity towards the small G-protein Arl3 (22) . Since it has been demonstrated that knockout of Arl3 results in retinal degeneration and kidney cyst formation, we examined whether a pathogenic mutant of RP2 that cannot bind Arl3 (R118H) would affect trafficking of RP2 to the cilium (23) . However, RP2-EGFP R118H still efficiently localized to cilia (Supplementary Material, Fig. S2a ). These data suggest Fig. S2c ). These data suggest that RP2 is not required for cilia formation. However, when the ultra structure of cilia was examined by SEM in RP2 knockdown cells, large swellings were observed at the distal region in a large proportion of the cilia ( 
RP2 forms a complex with polycystin 2
Since RP2 has been implicated in the trafficking of proteins to the basal body (24), we also examined whether the observed swellings could be due to aberrant trafficking of cilia proteins.
To test this hypothesis, we first examined whether any known cilia proteins could be co-immunoprecipitated with RP2 and hence enable us to examine whether mistrafficking of these proteins could be a direct cause of the observed cilia abnormalities. To efficiently immunoprecipitate RP2, MDCK cells stably expressing either empty vector (pQCXIP) or Cterminally FLAG-tagged RP2 were generated (RP2-FLAG). When RP2-FLAG was immunoprecipitated from ciliated cells, a strong co-precipitation of the endogenous cystoprotein polycystin 2 was observed (Fig. 3C ). However, neither IFT88 nor Rab8 was able to co-precipitate with RP2-FLAG (data not shown). Since polycystin 2 together with polycystin 1 form a cilia-localized channel complex that raises intracellular calcium in response to cilia bending (6), we examined the effect of changes in free calcium concentration on this interaction. Addition of 5 mM calcium to the lysate greatly diminished the ability of polycystin 2 to co-immunoprecipitate with RP2 ( Figs 3C and 4D) . Conversely, addition of 5 mM EGTA to the lysate resulted in a stronger co-immunoprecipitation of polycystin 2 with RP2 ( Fig. 3C ). These results indicate that the formation of an RP2 -polycystin 2 complex may be regulated by changes in intracellular calcium. We then examined whether endogenous RP2 could co-precipitate endogenous polycystin 2. Indeed, when RP2 was immunoprecipitated from bovine retinal extract, a strong co-precipitation of polycystin 2 was observed (Fig. 3E ). These data confirm that these two proteins are found endogenously in a complex not only in kidney, but also in retina and perhaps other tissues.
Acylation of RP2 is required for the interaction with polycystin 2
Since we demonstrated that the membrane association of RP2 is necessary for cilia targeting, we examined the effect of the RP2 G2A mutation on the association with polycystin 2. In HEK293 cells co-transfected with wild-type polycystin 2 (PC2-V5) and the non-membrane targeting mutant of RP2 (RP2-FLAG G2A), polycystin 2 association with RP2 was almost completely abolished ( Fig. 3F ). These data suggest that the membrane association of RP2 is required for the interaction with polycystin 2. It has been previously demonstrated that polycystin 2 has multiple interacting partners, and that these interactions predominantly occur through its cytoplasmic N or C-terminus (29 -31) . Deletion of either the N-or C-terminus of polycystin 2 (PC2-V5 DN and PC2-V5 DC, respectively) did not block the formation of an RP2 -polycystin 2 complex, suggesting that neither terminus of polycystin 2 is required for interaction with RP2 (Supplementary Material, Fig. S3a and b, respectively).
RP2 regulates the ciliary mobility of polycystin 2
Since both RP2 and polycystin 2 form a complex that localizes to primary cilia, we next examined whether RP2 regulates the trafficking of polycystin 2. The localization of endogenous polycystin 2 was examined in control (Luc shRNA) and RP2 knockdown (RP2 shRNA) MDCK cells. We observed that polycystin 2 could be seen in the cilia from both cell lines, but in the RP2 knockdown cell line a marked accumulation of polycystin 2 was observed at the distal part of the cilium (Fig. 3G ). To further address this, we stably expressed EGFPtagged polycystin 2 in either control (Luc shRNA) or RP2 knockdown (RP2 shRNA) MDCK cells and examined its mobility using fluorescence recovery after photobleaching (FRAP). Intriguingly, we found that the mobility of ciliumlocalized polycystin 2 was greatly enhanced in RP2 knockdown cells (Fig. 4A and B) . Furthermore, we also saw accumulation of EGFP-tagged polycystin 2 at the distal part of cilia in RP2 knockdown cells (Fig. 4A) . We also examined the mobility of EGFP-tagged Crb3a, a single-pass transmembrane protein which we have previously demonstrated to localize to renal cilia in RP2 knockdown cells. In this case, we saw no difference in the mobility of Crb3a between control and RP2 knockdown cells (Fig. 4C) . Furthermore, we also examined the localization of endogenous IFT88 in RP2 knockdown cells. In both control (Luc shRNA) and RP2 knockdown (RP2 shRNA), IFT88 was localized in a punctate manner along the length of the cilium with no apparent accumulation at the distal region of the cilium (Supplementary Material, trafficking of a specific subset of ciliary proteins including polycystin 2.
RP2 is apically secreted
Recently polycystin 1-and polycystin 2-containing vesicles have been observed in human urine (32, 33) . We examined whether RP2 may be apically secreted using a differential centrifugation procedure on conditioned apical media from MDCK cells that have been used to isolate secreted vesicles (34) . Interestingly, both RP2 and polycystin 2 could be seen to be enriched in the 100 000g pellet, indeed suggesting that these proteins are secreted (Fig. 4D-Luc shRNA) . Since we have observed that polycystin 2 can be secreted from the apical side of MDCK cells, the effect of RP2 ablation on this phenomenon was examined. Conditioned media were collected from the apical side of control (Luc shRNA) and RP2 knockdown (RP2 shRNA) MDCK cells. We found that ablation of RP2 greatly reduced the amount of polycystin 2 found in the 100 000g pellet, suggesting that RP2 is required for the efficient secretion of polycystin 2 (Fig. 4D) . However, we saw no decrease in the secretion of the non-cilia protein gp135 upon knockdown of RP2 by shRNA (Fig. 4D ). These data suggest that gp135 and polycystin 2 may be secreted by different mechanisms.
Cilia are required for polycystin 2 secretion
Next we examined whether RP2 could be regulating the secretion of polycystin 2 in a cilia-dependent manner. To examine this, we ablated the expression of the key ciliogenic protein IFT88 using two different retroviral shRNA constructs targeting the canine transcript (IFT88 shRNA nos 1 and 2). Efficient knockdown of IFT88 was achieved with both constructs when compared with the control shRNA (Luc shRNA) in MDCK cells (Fig. 4F) . As previously described, loss of IFT88 resulted in either very short or no cilia at all (35) in MDCK cells stably expressing the IFT88 shRNA (Fig. 4E) . We examined whether polycystin 2 was secreted from the IFT88 shRNA cells which lack cilia. Conditioned media collected from the IFT88 knockdown cells revealed greatly reduced levels of secreted polycystin 2 when compared with the control cell line (Fig. 4F) . However, like RP2 knockdown, knockdown of IFT88 had no effect on the secretion of the non-cilia protein gp135. These data together suggest that cilia are essential for polycystin 2 secretion.
Zebrafish RP2 traffics to cilia in mammalian cells
Since RP2 may play an important role in cilia function, we utilized a zebrafish model system to study how loss of RP2 may affect cilia-dependent developmental processes. Zebrafish have a single rp2 gene consisting of six exons (Fig. 5A ) that encode a polypeptide with high sequence homology to mammalian RP2. We first examined whether rp2 was expressed during zebrafish embryogenesis. RT -PCR using two separate primer pairs spanning an exon-exon boundary revealed the presence of RP2 transcript from 0 h post-fertilization (hpf) through to 48 hpf (Fig. 5B) . Examination of the expression pattern of RP2 by in situ hybridization revealed ubiquitous expression of the RP2 transcript throughout the embryo at 24 hpf with concentrated signals localized to the olfactory placode (Fig. 5C , arrows, and Supplementary Material, Fig. S3c ) as well as in the pronephric duct (Fig. 5D , arrows, and Supplementary Material, Fig. S3d ). In situ hybridization also revealed expression of rp2 in the photoreceptor layer of zebrafish retina at 72 hpf (Fig. 5E ), consistent with that of mammalian RP2. Since the zebrafish RP2 shows strong sequence homology to mammalian RP2 (71% sequence identity), we examined whether it may traffic in a similar manner as well. When Zebrafish RP2-EGFP was stably expressed in MDCKII cells, it also localized to the cilium (Fig. 5F ). These data suggest that the Zebrafish RP2 protein may also be required for correct cilia function. 
Morpholino-mediated knockdown of zebrafish RP2 results in multiple developmental defects
To investigate the role of RP2 during vertebrate development, we used morpholino-mediated knockdown of the zebrafish ortholog of RP2. A translation-blocking (AUG1) morpholino designed against the rp2 translation initiation site effectively decreased RP2 protein levels (Fig. 6B) . Following knockdown of rp2, zebrafish embryos exhibited a mild developmental delay (30 -60 min extra to reach the 10-12 somite stage compared with mismatch control-data not shown) and multiple developmental defects that have been observed in zebrafish mutants of ciliary dysfunction, such as body curvature ( Fig. 6A and Supplementary Material, Fig. S4a ), hydrocephalus ( Fig. 6C and D) and pericardial effusion (Fig. 6C) . This phenotype could be mirrored by the use of a second translation-blocking morpholino (AUG2), although a higher dose was required (Fig. 6A) . A mismatch morpholino that did not alter the protein level of rp2 (Fig. 6B ) produced no apparent phenotype (Fig. 6A ). In addition, the body curvature phenotype could be partially rescued by co-injection of RNA encoding zebrafish rp2 (Supplementary Material, Fig. S4a ).
Since we have demonstrated that RP2 physically interacts with the pkd2 gene product polycystin 2, and both mutation and loss of polycystin 2 in humans, mice and fish result in kidney cysts, we next examined whether the loss of rp2 may also result in a cystic kidney phenotype. Indeed, knockdown of rp2 resulted in kidney cysts in 20% of morphants ( Fig. 6E and Supplementary Material, Fig. S4b ). We further explored the idea that RP2 may interact genetically with polycystin 2 by examining other defects in RP2 morphants that occur following the loss of polycystin 2. It has been previously described that the loss of polycystin 2 results in left -right patterning defects in the zebrafish embryo (36, 37) and in mice (38) . RP2 morphants like PKD2 morphants exhibit mislocalization of the lateral mesoderm marker southpaw ( Fig. 6F and  Supplementary Material, Fig. S4c) , and heart looping defects in a dose-dependent manner (Figs 6G and 7A) . Thus rp2-knockdown recapitulates the left -right asymmetry defects observed by loss of function of pkd2 in zebrafish (36, 39) . Furthermore, we observed an increase in the heart looping defect upon co-injection of RP2 and PKD2 morpholinos at sub-optimal doses (Fig. 7A) . These data suggest that RP2 and PKD2 function in a common developmental process.
In zebrafish, left -right asymmetry is established by the Kupffer's vesicle, a ciliated organ found transiently at the posterior of the 10-12 somite stage embryo (40) . It has been previously demonstrated that correct formation and function of these cilia are necessary for the embryo to break symmetry (40) . Interestingly, it has been recently demonstrated that RPGR, also an X-linked RP protein, is necessary for extension of the Kupffer's vesicle cilia in zebrafish, as rpgr morphants have shortened cilia compared with control morphants (41) . However, upon examination of RP2 morphants, we found no observable change in the length or number of Kupffer's vesicle cilia (Fig. 7B and Supplementary Material, Fig. S4d and e). This agrees with our observation that in renal epithelia, shRNA-mediated knockdown of RP2 also does not affect ciliogenesis (Supplementary Material, Fig. S2c ). Concordantly, PKD2 morphant fish also exhibit no observable defect in Kupffer's vesicle cilia formation (38) . These data suggest that while RP2 may not regulate ciliogenesis, like PKD2, RP2 may be necessary for correct ciliary function.
DISCUSSION
Ciliary dysfunction is a frequent cause of severe renal cystic diseases. In this work, we have sought to identify the function of the RP2 protein with specific emphasis on its role in renal primary cilia. We have demonstrated that RP2 is enriched in the ascending loop of the kidney nephron. Furthermore, we show that RP2 localizes along the length of cilia in renal epithelial cells. This localization is in addition to the previously described localization of RP2 to apical and basolateral membrane domains (27) and to centrioles/basal bodies (24, 26) . Furthermore, we have demonstrated that this localization requires the acylation of the amino-terminus of RP2. This is in agreement with recent work demonstrating that acylation of RP2 is necessary for targeting of RP2 to the centrosome (24) . This is highly analogous to Cystin1, the gene mutated in the cpk mouse model of polycystic kidney disease (42) . Like RP2, the cystin protein localizes to cilia and is myristoylated at its amino-terminus and mutation of the cystin myristoylation site blocks its entry into the primary cilium. In addition, we demonstrate not only an interaction between RP2 and polycystin 2, but that polycystin 2 trafficking in the cilium may also be regulated by RP2. Interestingly, RP has been observed occasionally in ADPKD patients (43) (44) (45) (46) and in a polycystin 2 mutant rat model (47) , suggesting that in RP2 patients polycystin 2 dysfunction may have relevance for the disease process.
It is not clear how RP2 may regulate polycystin 2 trafficking within the cilium. The observed swellings and accumulation of polycystin 2 at the distal region of cilia are strongly indicative of a retrograde trafficking defect. However, we failed to see accumulation of IFT88 or Crb3 to this region. RP2 may be involved in specifically regulating the retrograde transport of a specific subset of ciliary cargoes such as polycystin 2. Recent work has shown that Caenorhabditis elegans mutants of Arl13 demonstrate abnormal cilia morphology and accumulation of PKD2 within the cilium (48) . Interestingly, a very recent report has suggested that Arl13b and Arl3 may regulate IFT in a coordinated fashion (49) . Since RP2 has GAP activity towards Arl3, the loss of RP2 may result in dysregulation of Arl3 and Arl13 and subsequent impairment of IFT.
Previous work has demonstrated that the loss of RP2 in retinal pigmented epithelia results in Golgi fragmentation and dispersion of IFT20 from its Golgi localization (24) . However, similar to our data, the loss of RP2 expression in RPE cells does not perturb ciliogenesis. Since the loss of IFT20 results in impaired ciliogenesis, further work is required to better understand the precise mechanism by which RP2 regulates cilia trafficking and the function of IFT20 in relation to this process (50) . It was previously observed that loss of RP2 results in Golgi fragmentation and defects in post-Golgi traffic in RPE cells (24) . We observed that knockdown of RP2 in renal epithelial cells (MDCK) had no effect on the ability of the cells to correctly polarize and form lumen-
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Human (G) RP2 morphants exhibit heart looping defects. Mismatch or RP2 AUG1 morpholinos were injected into embryos from the CMLC:EGFP zebrafish strain and heart looping was observed by fluorescence microscopy.
containing cysts. Since cell polarity is dependent on correct intracellular trafficking, more study is necessary to determine the exact pathways in the Golgi that are impacted by RP2. We have demonstrated that both RP2 and polycystin 2 are secreted from the apical side of MDCK cells. In addition, it appears that this process is regulated by RP2 as depletion of RP2 results in reduction in polycystin 2 secretion. This process appears to be cilia dependent as inhibition of cilia formation by IFT88 knockdown results in reduced polycystin 2 secretion. However, IFT88 may be regulating this process at the level of exocytosis as it has been recently demonstrated that IFT proteins, namely IFT20, are also required for membrane trafficking (51, 52) . Of particular interest was our observation that knockdown of RP2 leads to swelling of distal tips of cilia that phenotypically resemble those seen in BBS knockout and aln mutant mice (53, 54) . Since polycystin 2 was observed to accumulate in malformed cilia following knockdown of RP2, we hypothesize that RP2 can potentially regulate cilia-dependent polycystin 2 secretion. Interestingly, vesicle budding has been observed from the tips of Chlamydomonas flagella (51) . Consideration of the structure and function of the photoreceptor outer segment (a modified cilium) suggests this secretion may be a function common to certain cilia. Photoreceptor outer segments contain numerous rhodopsin-containing membranous discs that mediate light-induced signaling. At the distal portion of the outer segment, these discs are shed and subsequently engulfed by the overlying retinal pigmented epithelium. Perturbations in outer segment disc shedding are associated with severe retinal degenerative diseases (10) . Hence, if RP2 is intrinsically involved in cilia-based secretion, the loss or mutation of RP2 could adversely affect the shedding of membrane discs from the distal end of the photoreceptor outer segment leading to retinal degeneration. Further studies are being carried out to understand this process.
To date, no extra-retinal phenotype has been reported in RP2 patients. Due to the low frequency of RP2 mutations (5-10% of all XLRP cases), we surmise that these may have been overlooked. Our study suggests that the loss of RP2 function in humans may result in a more severe and syndromic phenotype or lethality. It is, therefore, possible that RP2 mutations reported so far may not be complete null and perhaps retain partial function (hypomorphic alleles). Given the high trafficking demands of photoreceptors, subtle changes in RP2 function due to hypomorphic mutations may result in deleterious effects in photoreceptors while sparing other tissues. Our genetic interactions further suggest that hypomorphic RP2 mutations may act as modifiers of kidney (41, 55) . These phenotypes have not been reported in XLRP patients thus far. However, combined knockdown of rpgr and its interacting cystic protein NPHP6 results in increased observation of renal cysts. This and other reports in conjunction with our data highlight the growing phenomenon of both genetic and physical interactions between ciliopathy proteins. Further work is being undertaken to examine how RP2 function may intercede with other known ciliopathy pathways.
MATERIALS AND METHODS
Antibodies
Rabbit anti-RP2 antibody was generated by immunizing rabbits with full-length recombinant human GST-RP2 (Cocalico Biologicals Inc., Reamstown, PA, USA). Affinity purified antibody was purified using immobilized recombinant HIS-RP2. Affinity purified antibody was tested for its ability to detect overexpressed RP2-FLAG. Mouse anti-acetylated tubulin, anti-gamma tubulin, anti-polyglutamylated tubulin, anti-FLAG, anti-rhodopsin, rabbit anti-actin, anti-Kif17, antiKif3a and rat anti-E-cadherin were obtained from Sigma (Sigma Aldrich, St Louis, MO, USA). Mouse anti-Rab8 was obtained from BD Biosciences (San Jose, CA, USA). Rabbit anti-V5 was obtained from Bethyl Labs (Bethyl Laboratories Inc., Montgomery, TX, USA). Rabbit anti-IFT20 was obtained from Proteintech (Proteintech Group Inc., Chicago, IL, USA). Rabbit anti-ninein was obtained from BioLegend (San Diego, CA, USA). Wheat-germ agglutinin Alexa594 was obtained from Invitrogen (Carlsbad, CA, USA). Rabbit anti-polycystin 2 (YCC2) and rabbit anti-IFT88 were kindly provided by Stefan Somlo (Yale University) and Bradley Yoder (University of Alabama at Birmingham), respectively. Rabbit anti-Crb3 was as previously described (15) .
Cell culture
HEK293 and MDCKII cells were grown in DMEM and ARPE-19 cells were grown in DMEM:F12, supplemented with 10% FBS, 100 units of penicillin, 100 mg/ml streptomycin sulfate and 2 mM L-glutamine. For cyst assays, control or RP2 shRNA cells were trypsinized for 30 min, resuspended in DMEM with 2% Geltrex (Invitrogen) and seeded on a 100% Geltrex base in 8-well chamber coverslips (Labtek, Nunc, Rochester, NY, USA) using 250 ml of 2 × 10 4 cells/ml for each well.
Constructs
To generate RP2-EGFP, full-length human RP2 was amplified by PCR from a full-length EST (cDNA clone 5520795, Open Biosystems, Huntsville, AL, USA) and subcloned into pEGFP-N1 (Clontech, Mountain View, CA, USA). To generate RP2-FLAG, full-length human RP2 was amplified by PCR incorporating the coding sequence for the FLAG epitope into the 3 ′ PCR primer. The PCR product was then inserted into the retroviral vector pQCXIP (Clontech). For shRNA, oligos were annealed and ligated into pSIREN-RetroQ as per the manufacturer's instructions (Clontech). shRNA targets were as follows: RP2 shRNA no. 1-GGAGCAACATTCATGACT TTA, RP2 shRNA no. 2-GCAGTGATGAATCATGCTTAG, IFT88 shRNA no. 1-GGATATGGGTCCAAGACATCC, IFT88 shRNA no. 2-GCACTAGATCAAATTCCAAGT. For polycystin 2 constructs, mouse polycystin 2 was amplified by PCR and inserted into the pENTR-DTOPO gateway vector (Invitrogen). For generation of V5 or EmGFP-tagged polycystin 2, the polycystin 2 orf was recombined into pCDNA-DEST40 or pCDNA6.2-C-EmGFP-DEST, respectively (Invitrogen). EGFP-Crb3 was cloned into pREVTRE (Clontech).
Generation of stable MDCK cell lines
HEK293T cells were transiently transfected with pGAG/POL and pVSVG plus either pQCXIP for stable protein expression or pSIREN-RetroQ for shRNA expression (Clontech). Viruscontaining media was collected, filtered though a 0.4 mm filter and mixed with an equal volume of fresh culture media. Polybrene (Clontech) was added to 4 mg/ml and virus was added to MDCKII cells. Twelve hours later, media were replaced. Forty-eight hours post-infection, stable expressing pools were selected using media containing 5 mg/ml Puromycin (Invitrogen). For RP2-EGFP stable cell lines, MDCKII cells were stably transfected using Fugene 6 reagent (Roche Diagnostics, Indianapolis, IN, USA) under 600 mg/ml G418 selection (Invitrogen). For generation of polycystin 2-EmGFP and EGFP-Crb3 stable MDCK cells, either Luc shRNA or RP2 shRNA stable cells were stably transfected with polycystin 2-EmGFP or EGFP-Crb3 as previously described and stable pools selected using media containing 10 mg/ml Blasticidin (Invitrogen) or 200 mg/ml Hygromycin B (Roche), respectively.
Immunofluorescence
Cell lines were grown for 7 days post-confluence on trans-well filters (Corning). Cells were then fixed in 4% paraformaldehyde/PBS, permeabilized with 0.1% TX100/PBS and blocked with 2% goat serum/PBS. For gamma-tubulin staining, cells were fixed and permeabilized in ice-cold acetone/ methanol prior to blocking. Primary antibodies were incubated with samples in 2% goat serum/PBS overnight at 308C. Alexafluorophore-conjugated secondary antibodies (Invitrogen) were incubated with samples in blocking buffer for 1 h at 308C. Samples were mounted using ProLong Gold antifade reagent (Invitrogen). Mouse retinal sections were purchased from the University of Michigan Center for Organogenesis Morphology Core. Immuno-EM was performed as previously described (56) .
Immunoprecipitation and western blotting
Immunoprecipitation and western blotting were performed as previously described (57) . All inputs shown are 5% of material used for immunoprecipitations. Densitometry was performed using Quantity One software (BioRad).
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Preparation of conditioned media
MDCK cells were seeded onto trans-well filters and grown for 7 days post-confluence. After 7 days, the apical chamber was washed twice with serum-free medium and serum-free medium applied. Cells were grown for a further 48 h after which time the apical medium was removed and placed on ice and protease inhibitor cocktail added (Sigma). The medium was then subjected to centrifugation at 500g for 10 min, 2000g for 10 min, 10 000g for 30 min and 100 000g for 90 min. Pellets from each step were solubilized in sample buffer and subjected to SDS -PAGE.
Fish breeding and maintenance
Zebrafish (Danio rerio) were reared and maintained as previously described (ref. Zebrafish book). Embryos were collected after natural spawns, kept at 28.58C and staged according to hpf. A laboratory inbred AB * wild-type strain was used.
RT -PCR and cDNA cloning
A BLAST search for zebrafish rp2 gene was performed using the protein sequence of human RP2 (Genbank accession NP_008846). The zebrafish genome database (http://www. ensembl.org/Danio_rerio/) was searched for genomic sequences and the acquired genomic sequences were analyzed with Genscan software (http://genes.mit.edu/GENSCAN.html) to determine the potential coding exons. Based on the sequence analysis results, primers were designed for RT -PCR. Total RNA was isolated from 60 hpf embryos using Tri-reagent (Invitrogen) and reverse-transcribed with oligo-dT primers and Superscript II reverse transcriptase (Invitrogen) following the manufacturer's protocol (Superscript II manual, version 11-11-203 ). RT -PCR was carried out following standard protocol and the PCR products were gel-purified, cloned into the Promega T-easy vector (Promega, Madison, WI, USA) and sequenced at the University of Michigan Sequencing Core. Sequence alignment (Clustal W method) was done with the Lasergene software (DNAStar, Madison, WI, USA). Primers for cloning the cDNA of zebrafish rp2 for in situ probe construction were: 5 ′ -CCAGGGTCAAGG AAACGG (forward); 5 ′ -ACGATTAATGCTCCTGTTTAGT AGTACA (reverse). Primers for the rp2 orf expression construct were 5 ′ -ATGGGGTGCTTCTTCTCCAAAAAATCGA GGAGG (forward); 5 ′ -TCACAGGCCCATCTGCAT (reverse). Primers for RT-PCR were: set 1, 5
′ -GAGACTACACCACTG CTAATG (forward) and ATTATTCTGGAACACTCGGCT (reverse); set 2, 5
′ -GAGTCTTGTCTGTTTGTGTT (forward) and ATGGAAACCTCTTTAGTCTGA (reverse).
In situ hybridization
In situ hybridization was carried out as previously described (58) . To prevent pigmentation for expression analysis after 24 hpf, embryos were transferred to water containing 0.2 mM 1-phenyl-2-thiourea at 20 hpf and fixed at appropriate stages. The DIG-labeled probes for zebrafish rp2 were in vitro synthesized from the cloned cDNA. The probe for southpaw is a gift from Dr R.D. Burdine (36) .
Morpholino oligo-mediated knockdown
To knock down zebrafish RP2, two morpholino oligos were synthesized (Gene-Tools). The translation-blocking morpholino oligos (AUG1-MO) (5 ′ -tttggagaagaagcaccccatttat) and (AUG2-MO) (5 ′ -TGCTATTTGTCAGCACGCCCCTCCG) were used. The PKD2 AUG used was as previously described (36) . The 5-base mismatch morpholino oligo (5 ′ -tttcgacaacaa ggacccgatttat) was used as negative control. The MOs were dissolved in nuclease-free water and injected into zebrafish embryos at 1 -4-cell stages in 0.1 M KCl at the specified dosage. The injection volume is estimated to be 1 -2 nl. To rescue the MO-induced phenotype, the zebrafish rp2 gene was cloned into pcDNA-6.2-EmGFP vector. Conservative mutations were introduced into the AUG1-MO target region. Capped RNA was in vitro synthesized with mMessenger mMachine T7 kit (Ambion). Approximately 100 ng of RNA was co-injected with MOs.
Histology
Zebrafish embryos were fixed with 4% PFA overnight, serialdehydrated with 25, 50, 75 and 95% ethanol and then equilibrated with JB-4 solution (Polysciences) overnight at 48C. The embryos were embedded in JB-4 resin and sectioned with a Leica R2265 microtome. The sections were stained with methylene blue as previously described (58) .
Immunohistochemistry
Zebrafish embryos were fixed with Dent's fixative (80% methanol, 20% DMSO), rehydrated with 1× PBS and blocked at room temperature for 2 h with the incubation buffer (2 mg/ml BSA, 1% DMSO, 0.2% Triton X-100, 1× PBS pH 7.4) containing 10% serum. After blocking, the embryos were incubated with anti-acetylated tubulin antibody (1:500; Sigma) and Alex594-conjugated anti-mouse IgG (1: 1000) (Invitrogen), respectively, at 48C overnight. The confocal images were captured with a Leica SP5X laser scanning microscope and analyzed with LAS AF software (Leica).
